Abstract Collagen and hyaluronic acid (HA) are main components of the extracellular matrix and have been utilized in electrospinning; a technique that creates nanosized fibers for tissue scaffolds. A collagen/HA polymer solution was electrospun into a scaffold material for osteoporosis patients who have reduced bone strength. To synthesize nanofibers, a high voltage was applied to the polymer solution to draw out nanofibers that were collected on a ground plate as a uniform mesh. The meshes were then crosslinked to render them insoluble and conjugated with gold nanoparticles to promote biocompatibility. Characterization of the mesh was performed using scanning electron microscope, electron dispersive spectroscopy and fourier transform infrared spectroscopy. A WST-1 assay determined the potential biocompatibility. The results show that collagen/HA scaffolds were developed that were insoluble in aqueous solutions and promoted cellular attachment that could be used as a tissue engineered scaffold to promote cell growth.
Introduction
A health concern that is an increasing worldwide burden is the disease known as osteoporosis, which affects over 200 million people worldwide [1] . Osteoporosis is defined as a disease that is characterized by low bone mass and microarchitectural deterioration of bones, leading to fragile bones and an increased risk of bone fracture [2] [3] [4] . There are many biological and environmental factors that influence a person's bone mineral density (BMD) and their predisposition to osteoporosis [2, 4] . These factors include age, gender, mechanical loading, nutrition, genes, and the skeletal site of the bone. A combination of many of these factors often leads to osteoporosis where over time the amount of bone needed for mechanical support drops below a certain necessary threshold and a fracture may occur [3] .
In order to help reduce several of the risk factors of osteoporosis and to promote good bone health there are many treatment options available today. These include dietary supplements, hormone replacement therapy (HRT), or prescription drugs made to target certain cells or interactions [3, 5] . These methods can help reduce risk of fractures and promote cells that can influence bone growth; but, they lack the ability to specifically add new bone material. Thus, there is a need for a tissue engineered material that could be surgically implanted into bone to help promote the growth of new stronger bone in osteoporosis patients.
Nanometer sized materials have become increasingly popular in recent years in the field of tissue engineering because of their ability to be fabricated into scaffold materials as well as to be designed as drug and protein delivery systems [6] [7] [8] . The ideal scaffold material should be on a nanoscale and have the ability to facilitate the interaction of the biological agents of interest [9] . There are various ways to fabricate such nanofiber scaffolds that include drawing, template synthesis, phase separation, selfassembly, and electrospinning.
Electrospinning in particular, is of interest because it can generate three dimensional scaffolds utilizing natural polymers. Natural polymers are ideal because of their biocompatibility and biodegradable properties and due to their convenient processing and known repeatability [9] . These scaffolds can then be used for tissue engineering to create or repair damaged tissue or organs by fabrication of a three dimensional scaffold that combines biological agents as well as biomaterials that can support cell proliferation [10] .
The process of electrospinning utilizes an external electric field to apply a charge to a small drop of polymer solution that directly opposes the surface tension of the solution. Once the charges overcome the surface tension of the solution, a thin jet of electrically charged solution is created. The jet moves toward the grounded return plate as the solvent evaporates leaving a solid polymer nanofiber that is collected [10] [11] [12] . A schematic of the electrospinning process can be seen in Fig. 1 . The jet that is formed is known as a Taylor cone and occurs when the critical voltage applied to a droplet of solution overcomes the surface tension of the solution, resulting in a thin jet that moves in a conical direction towards the return electrode [13, 14] .
The resulting morphology of the polymer electrospun mesh is beneficial because it can mimic different types of extracellular matrix (ECM). For example, the ECM is composed of many different proteins that are assembled into meshwork associated with the cells that produced them [15] . The key components of ECM mimicking mesh is a porous structure that allows good cell proliferation, a large surface area for bioactive molecules to be seeded, and a degradation rate that pairs with the regeneration of the natural tissue type [16, 17] .
Many synthetic polymers have been used in electrospinning applications. These include polylactic acid (PLA), polyglycolide (PGA), poly(lactide-co-glycolide) (PLGA), or polycaprolactone (PCL) [18, 19] . These polymers are often good electrospinning candidates because of their biocompatibility and known degradation rates. Natural polymers such as collagen, silk, fibroin, chitosan, and HA could also be used in electrospinning to create a desired scaffold [14, 19] . Of particular interest are collagen and HA due to their unique biological functions in the ECM.
Collagen is a good candidate to be utilized in electrospinning for several reasons. First, collagen is the most abundant protein in the body where it acts as a structural building block of the ECM found in most native tissues [20, 21] . Second, collagen possesses natural binding sites for the adhesion of osteoblasts, which aid in bone formation [22] . Third, it has known chemical, mechanical, and biocompatible properties. Fourth, there are many processing methods that can be used to isolate collagen in large quantities [23] . Lastly, it has the ability to increase cell adhesion and the differentiation of many cells [21] . Unfortunately, collagen alone does not have the mechanical and structural support to perform well after implantation. This has led to research in crosslinking it with other, more robust, materials such as HA [20, 23] .
HA, a glycosaminoglycan, can be found in the ECM of connective tissues and has unique viscoelastic properties as well as good biocompatibility and biodegradability that make it a good candidate for the tissue engineering field [21, 24] . However, electrospinning using HA can be difficult because of its high viscosity and surface tension, even in low concentrations, and its hydrophobic nature that may not be favorable for some applications [21] . Because of these complications, electrospinning nanofibers containing both collagen and HA has not been seen in research until recently.
In order to create the nanofiber mesh with the desired characteristics, the solution and apparatus parameters need to be optimized. Solution parameters include the polymer, solvent, surface tension and viscosity. Apparatus parameters include voltage, ground plate to needle distance, flow rate, ground plate material, humidity, and needle gauge. The solution parameters and apparatus parameters are vital to the electrospinning procedure.
Once the nanofiber mesh is fabricated, gold nanoparticles (AuNPs) were conjugated to the mesh surfaces in order to determine if cellularity and cell attachment can be increased. AuNPs have attracted recent interest because they have been shown to increase cellularity when conjugated to synthetic and biologic materials [25, 26] . Additionally, in vivo rat studies have been performed with collagen based ECM materials crosslinked with AuNPs that have shown good biocompatibility and an optimization of properties associated with cellularization and ECM formation [27] . Other benefits of AuNPs include its Fig. 1 Electrospinning schematic depicts the location of the syringe, polymer solution, jet of polymer solution, ground plate, and power supply possible anti-microbial properties and its ability to reduce free radicals. When combined with an electrospun polymer nanofiber mesh, AuNPs could possibly enhance cell proliferation and thus positively affect the clinical efficacy of bone scaffolds. This research project was implemented to determine if AuNPs can be conjugated to electrospun collagen/HA fibers and thus improve the material's overall properties.
Materials and methods

Materials
Collagen and HA were the pre-selected polymers for this experiment. Additional solutions were needed for the subsequent crosslinking and AuNP conjugation steps. The following chemicals were purchased form Sigma Aldrich (St. Louis, MO): Calf skin collagen, phosphate buffered saline (PBS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N, N-dimethylformamide (DMF), and trypan blue stain. The HA used for testing was sodium hyaluronate (m.w. = 601-850 k) from Lifecore Biomedical (Chaska, MN). ATCC-formulated Eagle's minimum essential medium (EMEM), horse serum, penicillin-streptomycin solution, and Dulbecco's phosphate buffered saline (DPBS) were obtained from American type culture collection (ATCC) (Manassas, VA). Sodium hydroxide (NaOH) was purchased from Fischer Scientific (Pittsburgh, PA) and ethanol was bought from University of Missouri ChemStores (Columbia, MO).
Electrospinning
Initial solution and apparatus parameters were based on an article by Kim et al. [19] . The experiment used 10 % wt to volume HA/collagen in 95/5 and 80/20 weight ratios dissolved in a 4/1 volume to volume ratio of NaOH/DMF [19] . These parameters were used for the initial electrospinning procedures and altered to obtain a solution that could be spun easily and obtain a consistent nanofiber mesh scaffold.
When the 80/20 weight ratios were made at a 10 % wt/vol of solvents, the collagen never fully dissolved into the solution. More solvent was added to create an 80/20 5 % wt/vol solution. At this concentration, the collagen fully dissolved and the solution would spin, but upon imaging the nanofibers did not have a uniform shape and had beads throughout. At the 95/5 weight ratios the collagen would fully dissolve at a concentration of 10 % wt/vol with the HA. However, this solution had a very short working time and would not electrospin consistently because it was so viscous. The concentration was altered to 5 % wt/vol of the polymers. This solution was easier to work with and had a longer working time. The optimal solution concentration was 7.5 % wt/vol with a 95/5 HA/collagen ratio because it resulted in the most consistent and uniform nanofiber formation and fiber mesh. The finalized procedure was a 7.5 % wt to volume HA/collagen at a 95/5 wt ratio dissolved in 4/1 volume to volume ratio of NaOH/DMF.
In initial testing the voltage was set to 16 kV, needle gauge was 23, a plate separation of 3-5 cm, and flow was 10 lL/min [19] . These parameters were then altered as needed to generate the most uniform scaffold. Aluminum foil was selected as the ground plate collector because it is conductive, inexpensive, and pliable. Pliability was important because it would allow the scaffolds to be easily removed from the metal surface by peeling the foil away from the scaffold. During initial experimentation using the 23 gauge needle, the solution would collect at the needle tip in very large drops and electrospinning would not always initiate because of the high surface tension. This caused the solution to drip onto the ground plate instead of forming nanofibers. To overcome this problem, the needle was changed to 20 gauge, to increase the inner diameter and reduce the surface tension. Additional testing also showed that a plate separation distance of 5 cm generated the most uniform fiber mesh. At distances \5 cm the solvent would have poor evaporation and there would be uneven fiber deposition. The final apparatus parameters were selected to be a 20 gauge needle, 5 cm plate separation, 16 kV potential, 10 lL/min flow rate. With this apparatus, the electrospinning was conducted in 60 min time increments. This amount of time created a consistent nanofiber deposition and the solution continued to flow. Consistent electrospinning time created meshes that appeared to have similar thicknesses throughout testing; with an average thickness of a little less than 2 mm.
Crosslinking and AuNPs conjugation
A water soluble carbodiimide called 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC) is commonly used as a crosslinking agent because it is a zero length crosslinker, which means the agent itself is not incorporated into the molecules [28] . EDC is capable of modifying the side groups on proteins to allow bond formation between hydroxyl (-OH) and carboxyl (-COOH) groups of the HA rendering them insoluble [6] . The benefit of the EDC is that it does not become a part of the mesh; it just helps facilitate bonding within the mesh. To prevent the collagen/HA meshes from dissolving during the crosslinking process, ethanol was used as the solvent. After the crosslinking, an additional conjugation step was utilized to attach the AuNPs to the meshes.
In order to crosslink the nanofiber meshes, they were first carefully removed from the aluminum foil. Then the scaffolds were cut into 4.8 mm diameter circles and individually placed in a 48-well plate. An optimization experiment was performed to determine what EDC concentration would crosslink the collagen/HA scaffolds most effectively. EDC concentrations of 20, 50, and 70 mM were tested in 95 and 80 % ethanol for 1, 2, 4, and 22 h (Table 1) . To crosslink, 0.75 mL of the corresponding EDC solution was added to each well for the allotted time. After the correct time the EDC solution was pipetted off and 0.75 mL of 1 9 PBS was added to test if the meshes dissolved.
In all of the 80 % ethanol trials the meshes shrank significantly when the EDC solution was added. They did not fully dissolve, but the diameter decreased significantly. For the 1, 2, and 4 h time frames some of the meshes survived in the higher EDC concentrations, but there was still some mesh solubility. After 22 h the 95 % 50 mM EDC and the 95 % 70 mM EDC were the easiest to identify in the well plate and had a good color which was mostly translucent with hint of white so they could be identified in the well. From this experimentation, it was determined that the optimal concentration and time would be 50 mM EDC in 95 % ethanol for 22 h.
After the crosslinking procedure was successfully optimized the AuNP conjugation was performed using chemical crosslinking. For each mesh sample a solution of 4 mg EDC, 5.3 mg Sulfo-NHS and 0.25 mL distilled water was added to the well. After a few minutes, to allow the solution to penetrate the mesh, 0.25 mL of 100 nm AuNPs (Ted Pella, Redding, CA) was added. After 1 h, the solution was pipetted off and 70 % ethanol was added until further testing was performed.
Fourier transform infrared spectroscopy (FT-IR)
Spectra were collected by a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA). FT-IR spectroscopy was utilized to analyze the surface functional group changes that were made during each additional processing step.
Scanning electron microscopy (SEM)
SEM was utilized to acquire detailed images of the nanofiber scaffolds. These images are valuable to demonstrate that a uniform nanofiber mesh is created. SEM images were taken using a Quanta TM 600 scanning electron microscope with a field emission gun (FEG) system (FEI Company, Hillsboro, OR). SEM images were taken in secondary electron mode and backscatter mode depending on the sample, to obtain a clear nanofiber image. Electron dispersive spectroscopy (EDS) was also performed to determine the composition of charged particles from SEM images. This elemental analysis was performed by a Thermo Scientific NORAN System Six microanalysis system (Thermo Fisher Scientific, Waltham, MA). From the images, measurements were made to determine the fiber diameter using the measurement software ImageJ. This data is useful to verify that nanofibers are being generated as well as to validate consistence of the mesh diameter.
Biocompatibility
The cell response of the meshes was tested using a continuous line of murine fibroblast cells (L-929) that were obtained from ATCC (Manassas, VA). They were cultured in EMEM supplemented with 10 % (v/v) horse serum and 200 U/mL penicillin-streptomycin solution in an incubator at 37°C and 5 % CO 2 . To test biocompatibility, a water soluble tetrazolium (WST-1) assay (Roche Diagnostics, Indianapolis, IN) was used to measure the cell response of L-929 fibroblasts grown in well plates with the HA/collagen crosslinked and HA/collagen AuNP conjugated scaffolds. This assay was based on the reduction of WST-1 by viable cells. In the presence of viable cells, the WST-1 is reduced to a formazan dye by glycolic production of NADPH.
To subculture the cells for the WST-1 assay, the cell culture medium was removed from the flask containing the L-929 cells and the cell surface was washed with 5 mL DPBS. Next, 0.5 mL of trypsin was added to the flask to release the cells from the flask surface and 10 mL of new culture medium was added to suspend the cells. The cells were then centrifuged, re-suspended so they could be counted. To count the cells, 15 lL of the new cell suspension solution was removed and mixed with 15 lL of trypan blue. The trypan blue stains live cells so they can be easily identified under a microscope. The solution was then loaded into the counting chambers of a hemacytometer. Approximately 10 lL of fluid can be loaded into each side of the chamber. After counting, the cell concentration was calculated and diluted to the desired amount of 3 9 10 -4 cells/mL. To conduct the assay scaffolds were placed into individual wells of a 24-well plate and sterilized using a 15 min 70 % ethanol rinse followed by a 15 min
Culture medium with WST-1 reagent and no cells served as a blank so the color of the medium did not affect the absorbance readings. Additional wells were tested that contained meshes and no cells to validate viable cells are needed to obtain an absorbance.
Statistical analyses
All statistical analysis was performed using GraphPad Prism Ò software, version 4.0. This software was used to analyze the nanofiber diameter data from different SEM images. The data was plotted and the mean and standard deviations can all be graphically represented to better visualize the data that was obtained. T tests were also performed to compare the results of the two mesh types in the biocompatibility study.
Results
Analysis of FT-IR
FT-IR was conducted to determine the surface functional groups present on the nanofiber mesh materials and how that differed from the original polymers and after additional processing steps. The molecular formula for HA is (C 14 H 21 NO 11 ) n and the molecular formula for collagen is C 4 H 6 N 2 O 3 R 2 (C 7 H 9 N 2 O 2 R) n [29] . The scans show the raw materials with the nanofiber meshes (Fig. 2) and the nanofiber meshes before and after crosslinking and AuNPs conjugation (Fig. 3) . The FT-IR spectra from raw HA and collagen are compared to the collagen/HA nanofiber mesh material in Fig. 2 . From the HA spectra there is a prominent amide N-H stretch from 3,200 to 3,600 cm -1 ; there is an additional amide peak at 1,595-1,710 cm -1 that can be attributed to C=O stretching and N-H bending [30] [31] [32] . There is also a C-H 2 bending peak from 1,350 to 1,480 cm -1 and C-O stretch of the proteoglycan sugar ring from 985 to 1,140 cm -1 [31, 33] . From the collagen spectra there is a prominent N-H stretch from 3,500 to 3,600 cm -1 and a C-H 2 symmetrical stretching from 2,850 to 2,950 cm -1 [30, 31, 34] . There is also C=O stretching from 1,720 to 1,740 cm -1 and an amide peak attributed to C=O stretching and N-H bending from 1,595 to 1,710 cm -1 [30] [31] [32] . Additional peaks from 1,080 to 1,360 cm -1 can be attributed to C-N stretching, N-H bending, and C-C stretching and a peak around 1,200 cm -1 can be attributed to a C-O bond [30, 31, 33] . Figure 3 shows the scan of the 7.5 % mesh compared to the crosslinked and AuNPs conjugated mesh. Upon crosslinking and conjugation, the spectra show very similar peaks and are consistent at wavelengths [2,000 cm where there is a very identifiable N-H bond seen in the peak 3,000-3,700 cm -1 . The most noticeable differences are a decrease in the peak from 1,595 to 1,710 cm -1 and a decrease in the peak around 1,350 cm -1 . This could mean that some of the bond signatures are not as strong because the crosslinking and conjugation could damp and/or disrupt the bond formation. The many similarities are positive and show that there is no destruction of the chemical structure after the processing steps which validated the protocols. Figure 4 displays the SEM images of the nanofiber meshes which shows very detailed views of the nanofiber deposition. Three images were acquired of the nanofiber meshes electrospun from three different polymer solutions. The 80/20 mesh at 5 % wt/vol (Fig. 4a) and the 95/5 mesh at 5 % wt/vol (Fig. 4b) and the 95/5 mesh at 7.5 % wt/vol (Fig. 4c) displayed the nanofiber morphology of the different solutions. Images were also taken after the crosslinking and AuNP conjugation step as shown in Fig. 5 . The 95/5 mesh at 7.5 % wt/vol after crosslinking (Fig. 5a ) and the 95/5 mesh at 7.5 % wt/vol mesh after AuNP conjugation (Fig. 5b) show the morphological changes that occurred after those processing steps. Additionally, EDS was used on the AuNP mesh, as shown in Fig. 6 , to quantify the charged particles present as gold.
SEM of electrospun fibers
Data on the nanofiber diameter at three different solution concentrations was collected by using image processing software called ImageJ. In ImageJ, the three SEM images from Fig. 4 were used to measure the diameter of different fibers. The results of the diameters measurements can be seen in Fig. 7 . This data was used to confirm that the electrospinning process creates fibers that are nanometer in size. The bar graph height represents the mean diameter with a standard deviation bracket. This shows that the nanofibers at 5 % concentrations were significantly smaller in size than the 7.5 % concentration data. This data also confirms that nanometer sized fibers are being consistently fabricated. There is a larger standard deviation in the 7.5 % data that can be attributed to the webbing that made measurement more challenging and inconsistent.
WST biocompatibility results
A water soluble tetrazolium (WST-1) assay was performed on the crosslinked meshes and the AuNP conjugated meshes to measure cell viability after 3 days. After L-929 fibroblast cells were seeded onto the mesh types for the allotted time, the WST-1 is added to the wells and allowed to react in the presence of viable cells. An absorbance reading of the formazan dye determines if viable cells are present. As shown in Fig. 8 , absorbance values were obtained after two and 3 h of incubation showing the presence of viable cells on both mesh types. A t test was conducted on the WST-1 results to determine if there was a significant difference between the absorbance values of the two different mesh types (crosslinked and AuNP conjugated). The t test comparing the two types of meshes had a P value of 0.4541 at 2 h and a value of 0.3033 at 3 h. Thus there were no significant differences in the means, indicating that the data was comparable. This is also confirmed in the graph depicting the mean absorbance data as shown in Fig. 8 . The data detailing the scaffolds without cells is not shown since these scaffolds have an absorbance of zero.
Discussion
Electrospinning collagen/HA solutions is not trivial and required precision parameters. The molecular weight of the HA is 601-850 k which is high. This results in a viscous solution which makes electrospinning difficult at high concentrations needed for orthopaedic applications. High molecular weight polymers have longer monomer chains and thus increased amount of chain entanglement which results in high viscosity [15] . The problem is compounded when the monomer needs to be dissolved in a solvent solution that evaporates quickly. For the HA, this resulted in a very short working time upon HA addition to the solvent solution. Once the HA was dissolved in the solvent, it could be electrospun for about 1 h before it became too viscous to spin properly. In addition, the collagen did not dissolve readily in the solvent solution. If the collagen was added concurrently with HA, the collagen would not dissolve before the HA became too viscous to spin. To overcome this problem, the collagen was added to NaOH at least 12 h before electrospinning. This would allow the collagen to dissolve properly. Then, the DMF and HA were added and the solution could be electrospun for about 1 h until it was too viscous to flow freely. When the solution would begin collecting at the needle tip and drip onto the scaffold forming on the ground electrode, then the electrospinning was completed.
There were additional problems associated with humidity in the laboratory. The electrospinning is influenced by the environment in the room. On dry days it was very difficult to electrospin because the solvent dissolved very quickly. This shortened the working time of the solution from 1 h to around 30 min. On these days there was also a less consistent nanofiber deposition. On very humid days, the solvent did not dissolve as readily, and it would cause the solution to drip onto the ground electrode, making electrospinning difficult. The most desirable days had a humidity of 20-40 % in the laboratory when the solvent evaporated at a consistent rate which allowed for very uniform nanofiber deposition. In order to prevent nanofiber alterations due to humidity effects, the electrospinning set-up should have a humidity controlled environment.
From the results of the study, FT-IR proved to be a valuable technique to analyze the functional groups on the modified meshes. As shown in Figs. 2 and 3 , the FT-IR confirmed the collagen/HA chemical makeup and bonding format. From these images, it was obvious that the combination of the two polymers creates a unique spectrum for the 95/5 mesh at 7.5 % that shares some prominent peaks from each of the individual polymer components.
The SEM images of the meshes showed a detailed view of the nanofiber deposition. All of the images show a random deposition of nanofibers, but there are a few differences. At the 5 % wt/vol concentration there is fiber beading in both the 80/20 weight ratio of HA/collagen (Fig. 4a) and in the 95/5 weight ratio of HA/collagen (Fig. 4b ) the topography appears rough. At the 5 % wt/vol concentration in the 80/20 weight ratio (Fig. 4a) the nanofibers also appears denser. This could be due to a longer electrospinning time resulting in a thicker nanofiber mesh. Both of these images in this figure were taken using secondary electron detection mode.
The 7.5 % wt/vol concentration mesh with 95/5 weight ratio of HA/collagen (Fig. 4c) was taken in backscatter mode, so it has less depth that the previous images, resulting in a smoother nanofiber deposition appearance. This image shows consistent nanofiber formation, however there is more fiber webbing that was not seen in the 5 % wt/vol images. The increased webbing could be due to changes in humidity since all of the other processing parameters remained constant. The more webbed nanofibers would suggest a more humid day where the solvent did not evaporate as much causing the nanofibers to adhere more on the return electrode. These results also confirmed the ability to produce nanosized fibers (Fig. 7) .
Backscatter electron SEM was utilized to analyze the morphology of the nanofiber meshes after crosslinking and AuNP conjugation. Figure 5 shows the SEM image of the HA/collagen scaffold after the crosslinking and AuNP conjugation. After crosslinking (Fig. 5a ) the nanofibers are less well defined, but still visible. This is most likely due to some dissolution occurring with the fibers and it may also be due to the EDC binding to the different groups on the mesh surface so as to render the mesh insoluble. It is apparent that solubility is still a concern and a more robust protocol is needed to prevent dissolution of the fibers. However, after AuNP conjugation (Fig. 5b) the presence of charged particles is noted and appears as brighter spots on the image. This is an indication that the AuNPs have attached to the mesh surface. Therefore, EDS was then utilized to determine the composition of the charged particles from the SEM image and to confirm the presence of (Fig. 6) . The presence of gold is confirmed by the peak at 2.14 keV in the EDS spectrum of point 1. The presence of the Aluminum peak is not alarming because the meshes are mounted on an aluminum surface, as recommended by Electron Microscopy Core at the University of Missouri. Future imaging could utilize thicker nanofiber mesh materials so the mounting surface is not detected in the EDS spectrum. Alternatively, carbon mounts could also be utilized. Additionally, the strong electron beam was destroying the mesh, resulting in the formation of holes or gaps. For this reason, the EDS image was taken at a lower resolution so the gold could be captured before too many holes appeared, making the sample unusable. Again, a thicker mesh would reduce the burning from the electron beam so a better image quality could be achieved. Thicker meshes could be achieved by electrospinning for longer amounts of time, however thickness was not investigated in this study.
Biocompatibility studies were also conducted to determine the effects of the different processing steps of the meshes. The purpose of the study was to ascertain that the AuNP-scaffolds were not cytotoxic after a 72 h incubation time. Recent studies have shown increased biocompatibility in AuNP conjugated materials, including polyethylene terephthalate (PET) and acellular tissue [25, 26] . In a study performed by Whelove, et al. [26] , 20 nM AuNPs were conjugated to modified PET mesh. Their studies showed an enhanced cellularity, reduced reactive oxygen species (ROS) formation, and reduced bacterial adhesion to AuNP-PET over bare PET while maintaining the physical properties of the mesh. These results indicated the possibility of improved clinical performance of AuNP conjugated polymeric materials. Additionally, AuNPs and silicon carbide nanoparticles (SiCNPs) were conjugated to acellular bioscaffolds (porcine diaphragms) and tested in a rat model up to 3 months [27] . The results of the study showed good biocompatibility of the AuNPs with evidence of granulation tissue and scaffold remodeling with host collagen within 7 days and complete remodeling with no scar tissue formation at the end of 3 months. The results of our studies with AuNPs conjugated to the electrospun collagen/HA fibers also demonstrated good biocompatibility.
The WST-1 assay helped determine if the AuNP conjugated meshes had increased cellularity which would indicate potential increased biocompatibility. Figure 8 shows a graph of the WST-1 assay results for the different mesh types at the two time periods. The bracket represents the standard deviation and the solid line represents the data mean. It is clear that both mesh types promoted cellular growth, which demonstrated that the meshes are biocompatible and non-toxic to cells, and that the processing parameters allowed cells to attach and readily proliferate. This test did not definitively show that the AuNP conjugated mesh had a biocompatible advantage to the crosslinked mesh, but it did show that there are no cytotoxic effects. The AuNP conjugated mesh did not demonstrate a consistent nanofiber structure as shown in Fig. 5b , so its resulting topography may account for the lack of increased cellularity. More testing should be performed to prevent dissolution of the AuNP mesh and determine if the AuNPs show enhanced biocompatibility.
The attachment of AuNPs to collagen/HA is a novel idea, but others have electrospun collagen/HA nanofibers [17, 19, 21] . For example, Kim et al. [19] electrospun collagen/HA compositions and achieved ''fluffy'' nanofibers; we, too, produced similar ''fluffy'' nanofibers by utilizing a modified formulation for the collagen/HA solutions and achieving averaged nanofibers \300 nm. On the other hand, utilizing different solvents or mixed solvents results in composite nanofibers of collagen and HA with slightly smaller nanofibers diameters of *200 nm [21] . However, many factors are involved in achieving nanosized fibers, including the viscosity of the solution, the electrospinning parameters, and the environmental conditions. In this study, we are one of the first to demonstrated the ability to electrospun nanosized collagen/HA fibers and conjugate AuNPs on the fibers for improved performance.
Conclusions
The work presented here designed protocols to electrospin a uniform HA and collagen nanofiber mesh material to be used as a tissue engineered scaffold for osteoporosis patients to promote the growth of new, strong bone. Collagen and HA were selected because of their prevalence in ECM of many tissues in the body and their potential to promote bone forming cells. Processing steps were developed to crosslink the collagen/HA material rendering them insoluble in aqueous solutions, which also allowed conjugation of AuNPs to the mesh surface. FT-IR testing was performed throughout the process to confirm the surface modification of the mesh. SEM and EDS imaging was conducted to verify the presence of gold on the mesh surface and view the morphological structure of the material. AuNPs were crosslinked to the surface because of their potential to increase biocompatibility and promote cell attachments and enhanced proliferation. A WST-1 assay was conducted to demonstrate the biocompatibility of the collagen/HA mesh materials and that AuNPs were not toxic to cells. The results demonstrated the ability to electrospin collagen/HA meshes with uniformed nanostructures. However, dissolution of the mesh is a concern during crosslinking and AuNP conjugation so more robust protocols to prevent dissolution are needed in order to leverage the benefits of AuNP meshes. Mesh thickness should also be considered because of its effect on cell penetration and mesh degradation. Thicker meshes could also reduce some of the problems that arose during SEM and EDC imaging caused by the electron beam burning holes in the samples and the aluminium mount being apparent.
